Close-coupling calculations are described of the cross sections for the fine-structure excitation of C+ in collisions with molecular hydrogen for energies up to 0.2 eV. A table is presented of the cooling rate coefficients for temperatures between 1~1000 oK.
I. INTRODUCTION
The excitation of the 2P3/2 level of c+ by collisions of hydrogen atoms, followed by the emission of a photon at 156 Il, is the major COOling mechanism in cold diffuse interstellar clouds of atomic hydrogen, and calculations have been made of its efficiency. 1 In many of the clouds observed using the ultraviolet spectrophotometer on the Copernicus satellite, the hydrogen is mainly in molecular form z and the major COOling mechanism is C+(ZP1/Z)+ H 2 -C+( 2P 3/z)+ Hz .
(1)
For its efficiency, there is available only the estimate of Dalgarno and McCray3 that it may be approximately 25% of that of the reaction with atomic hydrogen.
The theory of fine-structure transitions in collisions with atoms has been discussed recently by Reid and Dalgarno,4 Reid,5 Mies,6 and Preston, Sloane~ and Miller.7 In this paper, we extend the approach followed by Mies 6 to collisions with hydrogen molecules. Related studies have been reported recently by Tully8 and by Zimmerman and George. 9 
II. INTERACTION POTENTIALS
We regard the hydrogen molecule as a rigid rotator of mass MHZ and moment of inertia I with Hamiltonian 
where r, is the position vector of the ith electron measured from the C+ nucleus and VLS(r) is the spin-orbit interaction which we write in the form
I, and Sf being, respectively, the orbital and spin angular momentum of the ith electron.
The electronic Hamiltonian He(r) commutes with the electron orbital angular momentum L Z and the projection, L." of L on a space-fixed axis, and with the spin angular momentum 8 2 and the projection, S." of 8 on a space-fixed axis. Let cp(nLSmL ms) be the eigenfunction corresponding to the specified quantum numbers, nLSmL ms, labelling the eigenvalue E:(n, L, S). The eigenfunction corresponding to the total angular momentum ja = L + S can be written as the sum
where C is a Clebsch-Gordan coefficient. Suppose A is the fine-structure splitting of an isolated C+ ion in the ground Z P state and write V L S in the form VLs=tAL·S.
a a a J~ where we have chosen an energy origin such that E(Oli) =0.
The Hamiltonian for the interacting C+ -Hz system is
where Il is the reduced mass
and 
where A is the quantized molecule-fixed projection of L along the intermolecular axis R. Thus, the eigenvalues for the molecular complex which dissociates into C+(z p) and H2e~;, jb = 0) are given by
which tends to zero at infinite separation. 10 The long-range part of molecular potentials can be evaluated by perturbation theory. We regard the C' ion as a core of charge + 2 with an active 2p electron with coordinate r. The resulting interaction, veff(r, R), with H2 depends only on r=rr, and R. It can be expanded in the form
where El/2=-~~' E3/2=t~, andEo(R)=E(2~IR), and
Thus, the molecular eigenfunctions W JO (R) yield asympin which case
where v" (R) is the expectation value of v'" (r, R) for the 2p orbital. C(I/11; 000) is zero unless /1 is an even integer. If we retain only the first two leading nonvanishing terms in Eq. (16), we have
~sing the results of Appendix A, we obtain for ~o and V2, (18) where 8 2 , Ql2", and Qlu are, respectively, the permanent quadrupole moment, and the parallel and perpendicular polarizabilities, and (r2) is the expectation value of r2 for C+.
It is convenient at this pOint to introduce molecular complex wavefunctions 'lifO (R) which become diagonal in both j2 and jz at infinite separation
where <I> iO are atomic states which diagonalize the spinorbit operator and n is the prOjection of j = L + S along R. The wavefunctions Wio(R) can be constructed by taking linear combinations of the eigenfunctions of Hab according to where W Am (R) "" w~!.~/2(R). The spin-orbit operator VLS(r, R) i'h the representation of Wjo(R) can be approximately evaluated by (21) in which case the expectation values of V LS become independent of R. The matrix elements in (21) are given by expressions similar to Eq. (7). The matrix elements of the molecular states in the j, n representation are given by (22) totically accurate atomic eigenvalues and eigenfunctions. At finite R, lJI 10 (R) no longer diagonalize H ab , as is evidenced by the off-diagonal elements in (23). The offdiagonal terms are responsible for the j = 1/2 = j I = 3/2 coupling in the scattering theory.
III. SCATTERING THEORY
The scattering theory we adopt to describe the finestructure transition (24) is a close-coupling formulation. The scattering event is characterized by the asymptotic behavior of the total wavefunction >v(E), which is a particular solution of the 1.5 Schrodinger equation at total energy E:
(25) The asymptotic wavefunctions can be represented by 
We construct molecular channel states 6 with the eigenfunctions >VjO(R) of (He + VLS + V) in molecule-fixed coordinates. Because of the C .. v symmetry of the collision system, it is expedient to expand the angular dependence R == (e, cp) in terms of normalized symmetric-top wavefunctions:
where M is the space-fixed projection of J. The total angular momentum states are then simply constructed as products of n~.n and >VJo(R). This procedure yields 6 the molecular channel states zj1M(r, R):
The Clebsch-Gordan coefficients in Eq, (29) show that for a given J and M, there are at most six channel states if C· is in either of the ground 2 P states. However, channel states with different parity are uncoupled, and the channel states can be grouped according to their parities. The result is given in Table 1 .
The total wavefunction can now be expanded in terms
Substituting (30) into (25), we obtain the set of coupled equations for G(R):
L (zj1M(r, R)IJC-Elz;'~,(r, R»G;'·i'!:~",,(R)==O. (31) rr . 
The evaluation of the matrix elements (Z \ JC -E \ Z)
has been discussed by Mies. 6 If we neglect the angular and radial Born-Oppenheimer matrix elements, the equations reduce to
where G=={GJ1:J'I,(R)} and 1={5iJ' 5 1l ,}, G and 1 being column vectors, and the interaction matrix U J (R) is de- 
The atomic eigenvalues EJ are El/Z=-t~ and E3/Z=t~.
Equation (32) can be further simplified with the substitution F(R)=R 'G(R)
such that
[(~: ~ +E)l-UJ(R)]F(R)=O.
( 35) This set of coupled differential equations can be solved by standard procedures. The boundary conditions are
which defines the T-matrix which is symmetric in (j, Z) and (j', l').
The total cross section for the } -} , transition, after a transformation from the body frame to the laboratory frame, and a summation over mJ' and an average over mJ have been taken, is given by
J where Q~ are the partial cross sections for even (+) and odd (-) parity at a given total angular momentum J (cf. Table I ). 
IV. RESULTS AND DISCUSSIONS

The z:E and zrr potential curves for the linear C+-H-H complex [R(H-H) = 1. 4 llo] have been calculated by Liskow, Bender, and Schaefer
tO out to R = 4 llo. We joined these curves smoothly to an effective long-range interaction at R ~ 5 llo. The resulting curves are shown in Fig. 1 .
The quantity which appears in the long-range potentials, was computed by Weisheit and Lane 1 from Hartree-Fock atomic wavefunctions. 11
The integration of the coupled equations (35) was performed numerically using the Numerov algorithm, 12 and cross sections were calculated from Eq. (37). Figure   2 depicts the partial cross sections Q~ for inelastic (i -~) scattering at E == O. 0275 eV. The oscillatory behavior is typical of the C+ + Hz inelastic cross sections at all energies concerned. The cross sections Q~ and Qj show similar oscillatory structures. Table II gives the total inelastic cross sections, aH -~) and a(~-i), for several barycentric energies. For E> O. 045 eV, the tabulated cross sections are subject to some uncertainty because of the opening of rotational excitation channels of Hz. The table shows that a J.J' (E) is a smooth function of E. The cross section is zero at threshold, rising with increasing energy to a maximum at apprOximately 0.1 eV and then decreasing.
It is of interest to compare the cross sections with those for C+ + H collisions. t The comparison is sketched in Fig. 3 . The inelastic cross sections for C++Hz are about an order of magnitude smaller than those for C· + H at lower energies, though the elastic cross sections a (i -i) for C+ + Hz are substantially larger than for C+ + H. For C· + H, act -~) reaches a maximum at E near 0.01 eV, whereas for C++Hz, the maximum occurs at E-O.l eV. That the C++Hz system has larger elastic and smaller inelastic cross sections than has the C· + H system may be attributed to the relative magnitude of the leading spherically symmetric long-range interactions which decrease as R-3 for the C+ + Hz system, and as R-4 for the C+ + H system.
The associated cooling rate coefficients for C+(ZP3/Z) at a kinetic temperature T OK,
are important in controlling the temperature of interstellar clouds. The results are presented in Table III for the temperature range 10-1000 OK.
Our treatment does not make proper allowance for the averaging over orientation that occurs, averaging that would decrease the influence of the long-range quadrupole-quadrupole interaction for collisions with molecules in the lowest rotational state j=O. However, the quadrupole-quadrupole terms provide only a small contribution to the interactions at the separations that control the excitation process, and the cross sections should not be very different for excitation by j = 0 and j = 1 and x Pt(cosEl) + (e9zr 2 /R,S)P 2 (cOSEl) . (A6)
We wish to expand V etf in terms of Legendre polynomials, molecules. Certainly within the accuracy with which the interaction potential is known, the cross sections may be taken as equal.
APPENDIX A: EFFECTIVE LONG-RANGE INTERACTION OF C+ AND H2
We treat the C· ion as a core of charge + 2, consisting of the carbon nucleus and the four electrons in the Is and 2s shells, and a 2p electron with coordinate r. The long-range interaction which is responsible for scattering can be rewritten as (AI) where O!"' B and 9",B are, respectively, the polarizability and quadrupole moment tensors of the Hz molecule, and E", and E",B are, respectively, the electric field and the field gradient at the center of mass of the Hz molecule produced by the C++ ion core and the 2p electron.
The geometry and the coordinate system for the colliding system are sketched in (R, r)P,,(cosEl) . "
To do so, we must obtain R'-n in terms of R, r, and cosEl. Note that and for r<R
The generating function R'-z is easily obtained. Let t"" (rz+Rz)/2Rr and u""cos8 so that R, 
where Qk(t) is the Legendre function of the second kind. Then
This relation can be generalized to higher even powers 13;
'"
x [(n -1)\ 2" . R" . r"(t Z -1)("-1) /2]-1 Qr 1 (t) . P/I(cos8) , (A12) where Q~(t) are the associated Legendre functions of the second kind for argument 1 tl> 1. 
and (AI6) In deriving (AI5) and (AI6), we have implicitly assumed that It z -rZ"'R z , a relation valid for large R, and only terms up to P z have been retained.
Thus, the effective long-range interaction can be expanded in the form (AI7);
with the first three v). (R, r) given by 
